Saccharomyces cerevisiae mutants, unable to make D-glucosamine owing to a defect in the enzyme 2-amino2d eoxy-o-glueose-6phosphate ketol-isomerase (aminotransferring) (EC 5.3.1.19), show aberrations both in sporulation and in vegetative growth. They grow normally on a medium of yeast extract, peptone, and dextrose (YEPD) containing D-glucosamine (I mg/ml), and such cells accumulate 4 to 5 times the amount of D-glucosamine present in wild-type cells cultured on YEPD alone. When such mutant cells are shifted to YEPD alone, they continue to increase in cell mass for about 10 hr (three to four cell cycles) and produce strings of beads in which the cells fail to separate. Although each of the "cells" contains a nucleus, electron micrographs of thin sections reveal that septation is defective apparent y owing to the inability to synthesize chitin, which forms the primary septur in S. cerevisiae. The viability of such cultures drops rapidly after 3-5 hr, a fact attributable to lysis of the cells through wall defects in the septum region where gross disorganization is apparent. When the mutant cells grown on YEPD plus D-glucosamine are transferred to sporulation medium (1% potassium acetate), they proceed through meiosis to produce viable spores that appear to be altered only in the nature of the spore wall. The spores lack a dark-staining surface layer that is visible in thin sections prepared from wild-type cwlls, they are notably less hydrophobic than wild-type spores, and they are digested and lysed by glucanases that do not affect normal spores. All of these properties suggest that D-glucosamine is required for spore maturation and is used to synthesize a glucanase-resistant hydrophobic surface layer on theprimary glucan spore wall. In agreement with this postulate, D-glucosamine synthesis and the activity of the isomerase do not appear until late in meiosis when tetranucleate cells are abundantly present in the sporulation culture.
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Many mutants of the yeast Saccharomyces cerevisiae are known that show defects in cell division (1) or sporulation (2) , but rarely has the biochemical lesion been identified. A recent report from this laboratory (3) described the isolation of S. cerevisiae mutants that were unable to synthesize D-glucosamine owing to a defective enzyme 2-amino-2-deoxy-D-glucose-6-phosphate ketol-isomerase (amino-transferring) (EC 5.3.1.19). Such Dglucosamine auxotrophs proceed successfully through meiosis but they produce defective ascospore walls. In that report (3) it was stated "we expect that cells unable to synthesize D-glucosamine would grow in its absence with the formation of a colony of 'clumpy cells.'This was not observed." In fact, what we have observed, and document in this rep, -is that the Dglucosamine auxotroph does grow for severa, les to produce undivided strings of two to eight cells in wiaa.h defective septation prevents cell separation. Nuclear division also occurs, but the cells lose viability and can no longer be rescued by the addition of D-glucosamine after about 20 hr on the deficient medium.
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We have developed procedures for isolation of the mutant spores and demonstrate directly that they are susceptible to digestion by fl-glucanases. Further investigation of sporulation in the wild-type S. cerevisiae strain reveals that the activity of the isomerase and the synthesis of D-glucosamine do not appear until late in meiosis when tetranucleate cells make up a significant fraction of the population. Thus, this enzyme activity serves as a landmark for the onset of spore maturation.
MATERIAL AND METHODS Materials. S. cerevisiae diploid strains of the following genotypes were derived from strain X2180: XW290 (a/a,lys2-1/lys2-2) and XW285 (a/a,lys2-l/lys2-2,ade2/ + ,gcnl-l/ gcn1-1). The latter gave only about 25% asci on sporulation.
To obtain a strain with a higher frequency of sporulation, we crossed the gcnl-1 mutation into the homothallic S. cerevisiae Y55 strain, and a homothallic recombinant was recovered. This strain (XW471-2D) had the genotype a/a,gcnl-1/gcnl-1, and it gave up to 60% asci.
Culture media were prepared from Bacto-Yeast Extract, Bacto-Peptone, and Bacto-Agar, all obtained from Difco, whereas D-glucosamine-HCI came from Sigma and dextrose (D-glucose) was reagent grade. Media were prepared as described previously (3) . YEPD (6) . Total glucosamine was estimated by removing samples, collecting the cells by centrifugation, washing them in distilled water, and either counting them or drying them to constant weight and hydrolyzing them in 6 M HCI in a sealed tube at 1100 for 6 hr. The acid was removed in a desiccator over NaOH, and the glucosamine content of the dry residue was determined. For isomerase assays, the cells were collected by centrifugation and resuspended in an equal volume of buffer (15 mM phosphate, pH 7, containing 2.5 mM EDTA); 0.8 ml of the suspension was broken in a Braun homogenizer with 1.25 g of Microbeads (Class V-A) (Cataphote Division, Ferro Corp.). Three cycles of 2 min each were required, using a microcell of 2.2 ml volume (10-mm Pyrex combustion tube) in a special aluminum adapter that was cooled by CO2 gas. The supernatant liquid was removed and centrifuged, and the clear extract was assayed for isomerase activity in a 30-min incubation at 300 (3, 6) .
Light and fluorescence microscopy were done on a Zeiss (Fig. 1  lower) . Viable cells can be recovered from such cultures for an extended period of time if subcultured onto a glucosamine-containing medium (Fig. 2) . That the length of this period is increased if an osmotic stabilizer is added to the medium suggests that cell death is due in part to cell lysis. These results demonstrate that glucosamine deficiency does not stop growth, but rather it leads to a condition of "glucosamineless death." S. cerevisiae glucosamine auxotrophs are defective in septation Electron micrographs of thin sections prepared from strain XW285 grown on YEPD without glucosamine show several unusual features (Fig. 3) . Most notable is the progressive disorganization of the region between the cells where septation would normally occur. Because the mutant cells, when grown on YEPD containing glucosamine, accumulate much more of the hexosamine than is present in wild-type cells grown on YEPD alone (Table 1) , wve assume that the first one or two cell cycles may exploit this pool and lay down a more or less normal septum. However, most strings of beads show at least one highly disorganized septum region (Fig. 3) , and we expect that cell lysis may occur through this part of the wall. This figure illustrates one other unusual feature, namely, that most of the internal membranous organelles of the group of cells are accumulated in the cell that appears to represent the last bud to form. This suggests that as each new bud forms there is a directional and unequal migration of these organelles. This could mean that the glucosamine deficiency prevents duplication of some of the organelles and that the available organelles migrate into the new bud in preference to rtc with the mother cell.
Glucosamine auxotrophy does not prevent meiosis
We have shown previously that S. cerevisiae strain XW285, when placed in a medium of 1% potassium acetate, will sporulate to the extent of about 25% as assessed by Giemsa staining (3). That meiosis is essentially normal is confirmed by the formation of the expected recombinant haploid nuclei, but an obvious abnormality is apparent in that the asci lack their usual refractility and can be easily visualized only after staining. In contrast, the homothallic glucosamine-requiring strain, XW471-2D, produces asci with a frequency (0.6) approaching that of the wild-type Y55 strain (about 0.8). The asci are clearly distinguishable by light microscopy, although electron micrographs of thin sections still show that their spores lack the dark-staining surface layer of the wild-type asci (see figure 5 of 
ref. 3).
A clear distinction exists between the mutant and wild-type spores in their resistance to digestion by f-glucarnases (Zymolyase). As illustrated in Fig. 4 , treatment of both wild-type and mutant asci releases the spores; but, after an initial increase in colony count, the viability of the mutant spore culture decreases. If digestion of the mutant asci is terminated at the appropriate time, the spores can be recovered in a viable state. Such spores are notably less "sticky" than the wild-type spore and can be purified by differential centrifugation. If again subjected to Zymolyase digestion under the conditions in Material and Fie.. 4 . Resistance of spores from S. cerevisiae strain Y55 and the mutant XW471 to digestion by Zymolyase. At various times, samples were removed, sonicated lightly to break the digested asci apart and release the spores, and then spread on YEPD-agar plates containing glucosamine to evaluate colony-forming ability. Since each cell has the potential to produce four spores, the maximum increase in colony-forming ability is 400%. mature asci until meiosis is completed, at which time the total glucosamine content of the culture has increased abou. 7-fold. The increasing activity of the isomerase almost directly parallels the formation of glucosamine, although it may precede the latter curve by a short interval.
A similar analysis of the glucosamine auxotroph XW471-2D demonstrated that glucosamine synthesis does not occur throughout meiosis, but the fact emerges that such cells, which must first be grown on YEPD containing D-glucosamine before they are placed in sporulation medium, accumulate much higher levels of the hexosamine than do the wild-type cells grown on YEPD alone (Table 1) . Although reducing the level of D-glucosamine in the presporulation growth medium reduces this accumulation, it also significantly reduces the fraction of cells that is able to produce asci. We have attempted to deplete the glucosamine pool in such cells by starving them on YEPD alone before placing them in sporulation medium, but the cells continue to grow mitotically and produce the "beads" described earlier in this report, and such beads sporulate very poorly.
DISCUSSION
From what is known of the composition of S. cerevisiae, Dglucosamine is required at least for synthesis of chitin (9) and the core structure of glycoproteins, including the cell wall mannoproteins (10) . The bulk of chitin synthesis during mitotic growth occurs in a stepwise manner closely correlated with septation and cell separation (11, 12) , but a low level of synthesis must occur throughout the cell cycle to accommodate the needs for glycoprotein synthesis, assuming that these macromolecules are made continuously. Our study of the D-glucosamine auxotroph suggests that the cells give first priority to glycoprotein synthesis, because they continue to lay down cell wall and form unseparated beads that are clearly defective in septation. We conclude that chitin synthesis is the first process to suffer, and that any available D-glucosamine is used instead to make cell wall mannoproteins and other metabolically important macromolecules. The morphological defects we observe are similar to those obtained when S. cerevisiae is grown in the presence of Polyoxin D (12) , an inhibitor of chitin synthetase.
A similar interpretation may be given to the results of our investigations of the effects of glucosamine auxotrophy on The composition of the S. cerevisiae spore coat is only poorly defined, although Kane and Roth (14) 
